We develop a method for high-speed and high-accuracy first-principles calculations to derive the ground-state electronic structure by directly minimizing the energy functional. Making efficient use of the advantages of the real-space finite-difference method, we apply arbitrary boundary conditions and employ spatially localized orbitals. These advantages enable us to calculate the ground-state electronic structure of a nanostructure sandwiched between crystalline electrodes. The framework of this method and numerical examples for metallic nanowires are presented.
Introduction
The prospect of being able to predict and explain the property of condensed matter systems at the atomic level, by solving the fundamental equations for nuclei and electrons based on the density functional theory, 1) has attracted much attention from many generations of scientists since the early days of quantum mechanics. A number of first-principles calculation techniques employing basis sets have been developed in the past. [2] [3] [4] Although these methods have been used with great success, there are a few serious drawbacks. For example, the completeness of the basis set is always a concern, and treating nonperiodic systems with the plane wave basis leads to the waste of computational effort. A method which solves the Kohn-Sham equation directly on grid points in the real space has recently been introduced, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] which avoids many of these problems. Within this method, boundary conditions are not constrained to be periodic, which permits the use of nonperiodic boundary conditions for clusters and a combination of periodic and nonperiodic boundary conditions for surfaces. Furthermore, in order to realize the order-N calculation, the orbitals constrained to be localized in finite regions of the real space can be employed instead of wave functions extending over supercells, and then, by making efficient use of the advantages of such localized orbitals, one can calculate the ground-state electronic structure of a nanostructure sandwiched between two infinitely continuing crystalline electrodes.
In this study, we have developed a first-principles procedure for electronic structure calculations of nanostructures suspended between crystalline electrodes, in which the real-space finite-difference method [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and the localizedorbital technique 21, 22) are combined. Directly minimizing 23) the energy functional proposed by Mauri, Galli and Car (MGC), 24) we obtain satisfactorily the self-consistent solutions of the Kohn-Sham equation without usage of conventional self-consistent field techniques. We apply this method to electronic structure calculations for single-row gold wires, and by evaluating their electronic conductance, we verify the accuracy and applicability of this method.
The rest of the paper is organized as follows: in Sec. 2, the computational method is outlined. In Sec. 3, we demonstrate numerical examples of the electronic structure calculations for the single-row gold wires connected to crystalline electrodes, and the summary of this work is given in Sec. 4.
Method
We first consider the procedure for obtaining the solutions of the Kohn-Sham equation in the systems of conventional bulks or clusters. The MGC energy functional defined on real-space grid points is given by
where f i g is an arbitrary set of M linearly independent overlapping wave functions (M is larger than the number of occupied states), F½ is the sum of the Hartree, ionic, exchange-correlation and external potential energy functionals, is a scalar parameter (functioning as the chemical potential) which is adjusted to give the correct number of electrons within the system, Q is the first order expansion of the inverse of the overlap matrix: Q ¼ 2I À S, S is the overlap matrix: S ij ¼ h i j j i, and I is the identity matrix. For simplicity, we assume that f i g is a set of real functions and spin degrees of freedom are compensated. The electron charge density is defined as
One can obtain the ground-state electronic structure by directly minimizing the energy functional of eq. (1) using the steepest-descent or conjugate-gradient algorithm. The derivative of the functional with respect to the function f i g, which .is required for the minimization, is given by * Graduate Student, Osaka University
where H KS is the Kohn-Sham Hamiltonian. 25) The overall computational scaling in the direct minimization (DM) procedure amounts to OðN 3 Þ operations in the calculations of the MGC energy functional. However, because the minimization of E½Q does not require any explicit orthonormalization of the orbitals, it may be performed in OðNÞ operations, if it is carried out with respect to localized orbitals.
We then expand this procedure into electronic structure calculations for the nanostructure attached to infinitely continuing crystalline electrodes (see Fig. 1 for an example). The transition region composed of objective nanostructures is representative of a nanoscale junction, a tunnel junction in a tip-sample system (e.g., scanning tunneling microscopy), an interface between different bulks, an interstitial lattice defect or disorder, and so on. The computational scheme consists of two main steps. 
where vðrÞ is the sum of the Hartree and ionic potentials and nuc ðrÞ is the charge density of nuclei. Equation (4) is discretized on a grid point by using a matrix formalism coupled to the finite-difference method: 
where A xy is an N x Â N y -dimensional matrix representing the second order derivative in the x and y directions, P xy ðz k Þ½v xy ðz k Þ is a columnar vector consisting of N x Â N y values of ðrÞ þ nuc ðrÞ½vðrÞ on the x-y plane at the z ¼ z k point and B z is a constant matrix proportional to N x Â N ydimensional unit matrix I xy ,
Here, h z is the grid spacing in z direction, and N x , N y and N z are the numbers of grid points in the x, y and z directions, respectively. To set up the simultaneous equations of eq. (5), the boundary values of vðz 0 Þ and vðz Nzþ1 Þ are required, for which we adopt the potential vðrÞ at the boundary calculated in step (i).
Results and Discussion
In order to demonstrate the efficiency of this method, we perform test calculations on a single-row gold wire attached to gold (001) electrodes. First, the ground-state electronic structure of the wire is calculated using the DM procedure, and then its conductance is evaluated to confirm the accuracy of the electronic structure calculations. Figure 1 corresponds to a cutoff energy of 22 Ry in the conventional plane wave approach. We employ the three-point finitedifference formula for the derivative arising from the kineticenergy operator and the local pseudopotential for ionic potential of atomic nuclei. Exchange-correlation interaction between electrons is treated by the local density approximation 25) in the density functional theory.
1) The size of the localization region for the localized orbitals is set to be 0.635 nm and the number of localized orbitals M ¼ 178 þ L. For the conductance calculation, a wave function infinitely extending over the entire system is determined by the overbridging boundary-matching method.
26) The conductance G at the zero-bias limit is given by the LandauerBüttiker formula
where T ij is the transmission coefficient of an incident electron. Since only the electrons with the Fermi energy E F contribute to the conductance, we are only interested in T ij ðE F Þ. So far, it has been demonstrated experimentally that the single-row gold wire exhibits a conductance of
, where e is the electron charge and h is Plank's constant, and the conductance oscillates with a period of two atoms as the length of the chain is varied. In addition, some theoretical studies on the conductance of gold wires observed the quantized conductance of $1 G 0 . In Fig. 2 we show the conductance G as the function of the number of atoms L in the atomic wire. The conductance obtained by the present method is $1 G 0 , and the odd-numbered wires have a higher conductance than that of the even-numbered wire. The results that the calculated conductance is consistent with the experimental data and other theoretical data confirm the applicability of this method to electronic structure calculations of the nanostructure sandwiched between electrodes.
Summary
We have presented an efficient first-principles calculation method to treat the nanostructure intervening between infinitely continuing crystalline electrodes by means of the real-space finite-difference method [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] incorporating the localized-orbital technique. 21, 22) By the usage of the DM method for the MGC energy functional, we can obtain the self-consistent ground-state electronic structure as the mathematically well-defined minimum of the energy functional.
As numerical examples, we demonstrated the electronic structure and conductance calculations of the single-row gold wires sandwiched between electrodes. From the results that the calculated conductance is consistent with that obtained by experimental and other theoretical studies, it seems reasonable to conclude that our procedure is suitable for electronic structure calculations of a nanostructure suspended between electrodes. In addition, when a system is assumed to be described in terms of localized orbitals, this procedure makes it possible to perform the calculation with linear system-size scaling OðNÞ. Research in this direction is in progress.
